Abstract: We present 24 new apatite fission track (AFT) ages and 18 track length measurements from the Baikal region, SE Siberia. Most samples have AFT ages between 140 and 100 Ma, with relatively high mean track lengths (c. 13.2fLm). The relationship between AFT ages, elevation and mean track lengths indicate that the samples record rapid cooling during the Early Cretaceous (140-120 Ma), as also shown by thermal history inversion of track length distributions. Cooling took place during a Late Jurassic-Early Cretaceous orogenic phase, related to closure of the Mongol-Okhotsk ocean and reflected in the exhumation of metamorphic core complexes followed by thrusting and reverse faulting, basin inversion and large vertical motions. The variation in AFT ages throughout the study area can be partly explained by differences in geothermal structure but differential denudation also played a role. Minimum amounts of Early Cretaceous denudation are estimated at 2-3 km.
The Baikal rift in southeastern Siberia has become one of the type examples for continental rifting. The evolution of the rift is strongly influenced by the pre-existing tectonic fabric, which developed during a protracted history of pre-rift orogenic evolution (eg., Logatchev & Zorin 1992) . Therefore, an understanding of the pre-rift geodynamic evolution of the Baikal region is essential to understand the Cenozoic evolution of the rift zone.
The Baikal rift developed at the southern margin of the Siberian platform, along the suture with the Central Asian fold belt (Fig. 1) . The pre-rift tectonic history of the area is linked to the opening and closure of the Palaeo-Asian and Mongol-Okhotsk oceans, during Late Proterozoic to Mesozoic times (e.g., Zonenshain et at. 1990) . A Late Palaeozoic-Early Mesozoic phase of continental break-up, followed by Mesozoic convergence, is recognized throughout central Asia (d. Allen et at. 1991; Ermikov 1994; Parfenov et at. 1995) . The importance of Mesozoic deformation in the area has been realised for some time but the associated vertical motions have not been quantified before.
During recent years, apatite fission track thermochronology has been established as an efficient technique to study intra-plate vertical motions that were accompanied by regional denudation (e.g., Foster & Gleadow 1992; Brown et at. 1994; Hendrix et at. 1994) . In this paper, we present apatite fission track data that record an important Early Cretaceous phase of cooling and denudation in the Baikal region. We interpret these data within the framework of the tectonic evolution of Central Asia and discuss the relevance towards understanding the morphotectonics of the Baikal rift zone.
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Late Proterozoic-Mesozoic evolution of the Baikal region
The Baikal rift is bordered to the northwest by the Archaean-Early Proterozoic Siberian craton, which is covered by Late Proterozoic, Palaeozoic and Mesozoic platform sediments. To the southeast, the basement consists of the poly-stage Sayan-Baikal fold belt (Figs 1 & 2) . The Sayan-Baikal fold belt originated from Silurian-Devonian closure of the Palaeo-Asian ocean and collision of several 'Trans-baikalian' micro-continents with the Siberian craton to the north (Berzin & Dobretsov 1994; Melnikov et at. 1994) . A significant proportion of the belt is composed of Devonian late/post orogenic granitic plutons.
Late Palaeozoic-Early Mesozoic extension along the southern border of the Siberian craton is recorded by basin formation and magmatism (Allen et at. 1991; Ermikov 1994) and marks the opening of the Mongol-Okhotsk ocean. From Late Permian to Late Jurassic times the southern border of the Siberian craton developed in an active margin setting, until collision of the Siberian and Northern Chinese cratons took place in the Early Cretaceous (Zonenshain et at. 1990; Scotese & Golonka 1992; Enkin et at. 1992) . To the south east of Lake Baikal, an en-echelon chain of narrow extensional basins developed during the Late Triassic, which are filled by Triassic-Jurassic volcanics and continental/ Iimnic sediments (Fig. 2) . Late Jurassic-Early Cretaceous mega-breccias and conglomerates unconformably overlie the earlier basin fill and are related to basin inversion (Ermikov 1994) . The basement highs between these basins have been interpreted as metamorphic core complexes which were regarded to have developed during Late Palaeozoic (1990) . Inset shows extent of study area (Fig. 2) .
extension (e.g., Melnikov et al. 1994) . New K-Ar data, however, suggest Early Cretaceous (113~100 Ma) ages for the final exhumation of these massifs (Sklyarov et al. 1994) . Trachy-basaltic volcanics and dykes have radiometric ages as young as 127~100Ma (Ermikov 1994) . Thus, closure of the Mongol-Okhotsk ocean seems to have been accompanied by a complex Cordilleran-type interplay of extensional and compressional phases within the Trans-Baikal fold belt. A late Early Cretaceous phase of N-S compression has, however, been clearly demonstrated from microstructural analyses in and around the inverted basins (Delvaux et al. 1995) ; its age is constrained by structural and stratigraphic relationships with the volcano-sedimentary succession. Compressional deformation affected a wide area, including the fold belt as well as the Siberian Platform (Ermikov 1994; Delvaux et al. 1995) . To the west of Lake Baikal, Mesozoic vertical motions are recorded by the Jurassic West Baikal foredeep, which developed along the southern margin of the Siberian Platform (Fig. 2) . This (foreland ?) basin was overthrust by Archaean basement along the Angara thrust during the Cretaceous.
During a period of tectonic quiescence in the Late Cretaceous-Palaeogene, the pre-existing orogen was peneplained in a warm and humid climate, causing the formation of kaolinite-laterite palaeosols (Mats 1993; Kashik & Mazilov 1994) . Cenozoic rifting was underway by the mid-Oligocene (Logatchev 1993; Mats 1993) . The preservation of pre-rift weathering remnants suggests that subsequent erosion was minimal (Mats 1993) . The Baikal rift developed as a series of asymmetric half-graben, with the border-zone of the Siberian craton (PrirnorskyObruchevsky faults) acting as the main border fault system (Fig. 2) . To the southeast, the basement gradually
Apatite fission track thermochronology
Over the past decade, apatite fission track (AFT) thermochronology has become a well established and widely used technique to constrain the low temperature «120 DC) thermal histories of rocks (cf. Brown et at. 1994 for a review). Under tectonically stable conditions, AFT ages and mean track lengths will decrease systematically with increasing temperature (and hence depth) as a result of progressive annealing of fission tracks (Fig. 3a) . The main control on the pattern of AFT ages and track lengths is exerted by the geothermal gradient; secondary controls are exerted by the duration of tectonically stable conditions and the chemical composition of the apatites (Green et at. 1989a) . At temperatures between c. 70 and 120 DC, in the partial annealing zone (Wagner 1979) , the amount of annealing increases rapidly towards total.
When a tectonic block cools as a result of exhumation, remnants of the characteristic AFT age/depth pattern may be retained, producing a trend of increasing AFT ages with elevation ( Fig. 3b & c) . The base of the fossil (exhumed) partial annealing zone, when exposed, will produce a characteristic break in slope in the age/elevation plot, the age of which approximates the initiation of cooling/exhumation (Gleadow & Fitzgerald 1987) . Samples from below the break in slope were exhumed from temperatures :0::120 DC, and contain only tracks formed during and after cooling. In contrast, samples above the break in slope contain two generations of tracks, one from before and one from after the onset of cooling. The actual shape of the age/elevation plot, and the trend of track length distributions with elevation, will depend on the amount and rate of exhumation (Brown et at. 1994) . rises; the Khamar Daban range, which forms the eastern flank of the rift, is not cut by border faults. The Primorsky and Obruchevski faults enclose the Olkhon block, which can be regarded as a very large tilted fault block (Mats 1993) . Two main stages are recognized within the evolution of the rift (Logatchev 1993; Mats 1993) : an older (Oligocene-mid Pliocene) phase of slow rifting, low relief and low-energy sedimentation and a younger (mid-Pliocene-Recent) phase of rapid basin deepening, major relief generation and coarse clastic sedimentation. The dependence of observed track length distributions (Gleadow et al. 1986 ) on thermal history can also be used to constrain the amount and timing of exhumation. A plot of fission track age against mean track length of an area that has undergone cooling will show a characteristic 'boomerang' shape (Fig. 3d) ; the length peak at young ages corresponds to samples which were exhumed from the base of the partial annealing zone, and thus retain only tracks formed after the onset of cooling (e.g., Omar et al. 1989) . The kinetics of annealing in apatite are now becoming understood in a quantitative manner (Laslett et al. 1987 ; Green et al. 1989b; Lutz & Omar 1991) . As a result, AFT thermochronology is presently able to record not only the amount and timing of cooling of a sample, but also to reconstruct its cooling trajectory (T -t path) below 120°C.
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It should be noted that fission track thermochronology strictly records cooling of a sample only. Where fission track data show the characteristic relationship to elevation described above, or when additional geological data are available (e.g., absence of contemporaneous magmatic or geothermal activity, correspondence of cooling intervals with periods of sediment deposition in nearby sedimentary basins, presence of planation surfaces of corresponding age), cooling can be interpreted to result from exhumation. The amount of exhumation can be quantified if the geothermal gradient is known; in most cases, cooling from 120°C represents 3.5 ± 1 km of exhumation.
Denudation history of the Baikal region from fission track thermochronology
Sampling and procedures
Samples for fission track analysis were collected from the marginal mountains flanking both sides of the present-day rift (d. Fig. 2) . A list of sample locations and lithologies is given in Table 1 . To the NW of the rift, an age/elevation profile was collected in the Primorsky range, as well as a profile across it. A number of samples were taken from the Olkhon block in the Priolkhon region. Samples from the NW of the rift comprise mainly high-grade Proterozoic basement rocks. One sample (BA1 16) was taken from the basal (Vendian) unit of the Siberian platform succession. To the SE of the rift, samples were collected in the Khamar Daban range, both north and south of the Selenga river valley. Here, all samples were Palaeozoic plutonic and metamorphic rocks. Sample preparation and processing techniques are outlined by van der Beek (1995) and follow the criteria defined by Hurford & Green (1983) and Hurford (1990) .
Results
Apatite fission track (AFT) age and mean track length data are summarised in (Fig. 4) . There is no systematic geographical variation of AFT ages although, with the exception of samples from the Primorsky fault scarp, ages to the SE of the rift seem somewhat younger than those to the NW (Fig. 2) . A clear variation of FT ages and track lengths with elevation does not exist (Fig. 5) . Samples from the Priolkhon area (Olkhon block) and the Khamar Daban mountains display nearly vertical age/elevation profiles, with track lengths around 13.0-13.5/-Lm. Samples from the Primorsky range (mainly the Primorsky fault scarp) show a very large scatter, the only observable trend being an unusual decrease of AFT age with elevation. Here, nearly all mean track lengths are shorter than 13 /-Lm. On a plot of mean track lengths against AFT age, however, the data define two clearly distinguished groups (Fig. 6) . Most samples fall in a trend of decreasing track lengths from 140 Ma (c. 13.7 /-Lm) down to 100 Ma (c. 12.6 /-Lm), with four samples defining a separate trend from 160 Ma (c. 12 /-Lm) up to 230 Ma (13.8 /-Lm).
Interpretation
The large mean track lengths, narrow track length distributions, vertical age/elevation profiles and clear grouping into two AFT age/track length groups suggest that a rapid cooling event occurred around 140-120 Ma. Samples which record ages >150 Ma would have cooled from temperatures within the apatite partial annealing zone (c. 70-120 DC) during this event; samples with ages <140 Ma from temperatures >120 DC (compare Figs 3 and 6). As most track length distributions are relatively long (mean track lengths only 1-1.5 /-Lm shorter than those recorded in undisturbed volcanics; Gleadow et at. 1986) and narrow, it is suggested that most samples cooled rapidly, reaching temperatures <70 DC at around 120-100 Ma. Samples from the Primorsky fault scarp, some of which record ages significantly younger than 100 Ma, are considered less reliable; their cloudy and corroded appearance suggests they could have been influenced by (fault related?) fluid leaching. The samples with oldest AFT ages (BAI16 and 22) record Triassic cooling . This first cooling phase could have brought these rocks to temperatures around 70°C, from which they cooled during the second event. The old age and high mean track length for sample BA122, however, also partly results from the probably high Cl-content of this sample, as indicated by very wide etch pits. In order to asses the exhumation history of the area more quantitatively, we have inverted the track length distributions from a number of representative samples. The inversion is based on the notion that each track that is formed will experience a different portion of the thermal history of the host rock and will, therefore, exhibit a different degree of annealing (shortening). Thus, a certain thermal history can be related quantitatively to a track length distribution, using a mathematical description of the annealing process. The algorithm used (van der Beek 1995) generates random thermal histories which pass through user-defined T -t regions and calculates fission track age and length distributions from these histories. The set of thermal histories that yield ages and length distributions statistically indistinguishable from those observed define a T -t spectrum which delimits the cooling trajectory of the sample (ct. Lutz & Omar 1991) .
The thermal histories obtained from inversion of track length distributions are shown in Fig. 7 . We have used the annealing model of Crowley et al. (1991) for fluor-apatites in the inversion. Since chemical composition data for the analysed apatites are not available, we cannot justify the choice of any particular annealing model. However, the use of different models should not introduce large differences in the thermal histories obtained (ct. van der Beek 1995) . The results are consistent with the qualitative interpretation of the data given above. Rapid cooling from temperatures > 120°C at around 140 Ma to c. 70°C at around 120 Ma is a feature displayed by practically all samples (e.g., BAI 6, 7, 17) . Some samples (BAI 16, 17) may have remained at temperatures of around 60-70°C for somewhat longer times, cooling down to surface temperatures only during the Late Cretaceous-Palaeogene. BAI 16 even shows a slight heating during the time span 140-120 Ma. As this sample was taken from the border of the Siberian platform sediments, this could indicate burial by overthrusting. However, the kinetics of annealing are not well constrained at temperatures <60-70°C (Corrigan 1993 (1994) for the metamorphic core complexes to the SE of Lake Baikal also suggest final cooling in the Early Cretaceous. The area to the southeast of Lake Baikal was affected by magmatic activity during this time, as recorded by trachy-basalt flows and mafic dykes with radiometric ages of 127-100 Ma (Ermikov 1994) . Jurassic coal-bearing continental deposits, occurring in the basins in this area (Fig. 2) , have been affected by contact metamorphism around the dyke intrusions. Thus, the more or less random variation of AFT ages throughout the study area could be, at least partly, a result of different geothermal structure and activity throughout the area. However, differential denudation as a result of vertical block movements probably also played a role. The fact that nearly all samples record >50°C cooling between 140-120 Ma is a .9 i.i:i al. 1994) so that the predictions of annealing models should not be overemphasised for this temperature range.
Discussion and conclusions
The AFT data presented above suggest a rapid phase of cooling during the Early Cretaceous, contemporaneous with the final closure of the Mongol-Okhotsk ocean and collision strong indication for regional denudation during this time. The amount of denudation is difficult to estimate because geothermal gradients for the Mesozoic are unknown, and were probably variable. However, the age/length plot (Fig.  6 ) suggests that samples with ages around 100 Ma and track lengths <13 /-Lm (e.g., BAIl7, BAI27) cooled from temperatures significantly above 120 QC (possibly around 150 QC). Even when taking very high values for the geothermal gradient (40-50 QC km -I) into account, this leads to a minimum denudation estimate of 2-3 km. As a comparison, Parfenov et al. (1995) estimate syn-orogenic erosion in the Verkhoyansk fold belt, which was overthrust onto the NE border of the Siberian craton during the Early Cretaceous, to amount to 1.5-2.1 km from vitrinite reflectance studies.
Mesozoic denudation of the Baikal region is also documented by the widespread occurrence of a planation surface with remains of a palaeosol. The age of this planation surface is generally described as Late CretaceousPalaeocene, and its origin as resulting from post-orogenic peneplanation (e.g., Mats 1993; Kashik & Mazilov 1994) . The fission track data presented here suggest that the onset of exhumation took place already during the Early Cretaceous, i.e. syn-orogenic. The elevation of the Cretaceous-Palaeogene planation surface, which is widely encountered around Lake Baikal, has been used as a pre-rift reference surface (Logatchev 1993; Mats 1993) . The AFT data indicate that very little erosional denudation has affected the flanks adjacent to the central Baikal rift SInce the onset of rifting.
